Objectives-The purpose of this study was to identify genetic variants associated with severe coronary artery disease (CAD). Methods and Results-We used 3 case-control studies of white subjects whose severity of CAD was assessed by angiography. The first 2 studies were used to generate hypotheses that were then tested in the third study. We tested 12 077 putative functional single nucleotide polymorphisms (SNPs) in Study 1 (781 cases, 603 controls) and identified 302 SNPs nominally associated with severe CAD. Testing these 302 SNPs in Study 2 (471 cases, 298 controls), we found 5 (in LPA, CALM1, HAP1, AP3B1, and ABCG2) were nominally associated with severe CAD and had the same risk alleles in both studies. We then tested these 5 SNPs in Study 3 (554 cases, 373 controls). We found 1 SNP that was associated with severe CAD: LPA I4399M (rs3798220). LPA encodes apolipoprotein(a), a component of lipoprotein(a). I4399M is located in the protease-like domain of apolipoprotein(a). Compared with noncarriers, carriers of the 4399M risk allele (2.7% of controls) had an adjusted odds ratio for severe CAD of 3.14 (confidence interval 1.51 to 6.56), and had 5-fold higher median plasma lipoprotein(a) levels (Pϭ0.003).
S evere coronary artery disease (CAD), characterized by occlusive epicardial coronary stenosis, and its consequences such as myocardial infarction (MI) are the leading causes of death in the United States. 1 Several major risk factors for coronary disease are well established and form the basis of current risk assessment algorithms. 2, 3 However, some risk factors for coronary disease have not yet been identified, because some of the patients with coronary disease do not have traditional risk factors, 4 and traditional risk factors do not reliably predict premature MI. 5 The unidentified risk factors probably include genetic variants because genetics is considered to have an important role in coronary disease, 6, 7 and a family history of cardiovascular disease is an independent risk factor. 8 One approach to identify genetic variants associated with complex diseases, such as coronary disease, is to use multiple association studies. We have previously identified genetic variants associated with MI and early-onset MI by testing thousands of putative functional SNPs in 3 case-control studies. 7, 9 Thus, we have taken the same approach for angiographically defined severe CAD in 3 casecontrol studies, and asked if we could identify genetic variants associated with severe CAD.
Methods

Study Design
Because testing 12 077 SNPs for association with severe CAD could result in false-positives, we used 3 consecutive case-control studies. We generated a limited number of hypotheses in the first 2 studies by identifying a subset of SNPs that were nominally associated with severe CAD and had the same risk alleles in both studies and then tested these hypotheses in a third study.
phy. The severity of CAD was defined by a stenosis score calculated as the sum of the maximum percent stenosis in 10 coronary artery segments: the left main and 3 segments (proximal, medial, distal), each of the left anterior descending, left circumflex, and right coronary arteries. Details of the angiographic assessment of CAD and scoring methods used in these studies are described in the supplemental Methods (available online at http://atvb.ahajournals.org).
Study Subjects
Subjects in all 3 studies were unrelated women and men who had undergone coronary angiography (characteristics of cases and controls are presented in Table 1 ). Three goals of our study design influenced the choice of the stenosis score limits and the age limits used to select cases and controls. The first goal was to compare cases and controls at the extreme ends of the stenosis phenotype; the second goal was to include a large number of subjects; and the third goal was to select case and control groups that were about 40% or more female. Because males generally have higher stenosis score than females and have severe CAD at younger ages than females, we set stenosis score limits and age limits separately for males and females. Details of inclusion and exclusion criteria as well as stenosis score limits and age limits are described in supplemental Methods. An additional group of 485 subjects who were not in Study 1, Study 2, or Study 3 were used to investigate the association between genotype and Lp(a) levels. These subjects had Lp(a) levels available in the database of the UCSF Genomic Resource and were drawn from the subjects of a previously published genetic study of MI. 9 The clinical characteristics of these 485 subjects are presented in supplemental Table I . Most of the Study 1 subjects (444 cases with a history of MI and 602 controls) and more than half (486 of 769) of Study 2 subjects, but none of the Study 3 subjects, were also subjects in the previously published genetic study of MI. 9 All subjects gave informed consent and completed an Institutional Review Board approved questionnaire.
SNPs Tested
We tested 12 077 SNPs in Study 1. These putative functional SNPs are in 7439 genes, and 70% of the SNPs modify the amino acid sequence of the encoded proteins; the rest are potential regulatory SNPs (3Јor 5Ј untranslated regions, transcription factor binding sites, or exon splice sites). Additional SNPs in the LPA gene were selected using Tagger 10 as implemented in Haploview. 11
Genotyping and Laboratory Measurements
Genotypes for individual DNA samples were determined by realtime kinetic polymerase chain reaction (PCR) as described previously. 9 Allele frequencies of SNPs were determined in Study 1 and Study 2 using pooled DNA samples as previously described. 9 The plasma Lp(a) levels in units of nmol/L were determined by an ELISA method as previously described. 12 The size of apo(a) isoforms, reported as the number of KIV repeats in apo(a), was determined by immunoblotting as previously described. 13 Further details of these methods are described in supplemental Methods.
Statistical Analysis
Subject characteristics were summarized by disease status for each study, and differences were assessed using Fisher exact test or the Wilcoxon rank sum test for discrete and continuous characteristics, respectively. A chi-square test was used to assess allele frequency differences that were based on data from pooled DNA samples, and Fisher exact test was used to assess allele frequency differences that were based on genotyping results. An exact test was used to assess deviation of genotype frequencies from Hardy-Weinberg expectations. 14 When logistic regression was used to estimate odds ratios, significance was assessed using the Wald test. When risk alleles for severe CAD were prespecified based on Study 1 results for SNPs, the association of risk alleles with severe CAD was assessed in subsequent studies using 1-sided probability values and 90% confidence intervals (because there was 95% confidence that the true risk estimates were greater than the lower bounds of the 90% confidence intervals). All other probability values are 2-sided and 95% confidence intervals are presented. Likelihood ratio tests were used to evaluate potential interactions between genotype and each traditional risk factor in separate regression models that included an interaction term between genotype and the covariate of interest. The association 
Data presented as median (interquartile range) for stenosis score, meanϮstandard deviation for Age and BMI, or No. (%) of subjects for the other characteristics. N/A indicates that P values were not calculated because the characteristic was considered during the selection of cases and controls. P values are from Fisher exact test, except those for BMI, which are from the Wilcoxon rank sum test. BMI indicates body mass index.
*Calculation of the stenosis score is presented in supplemental Methods. †Current or past smoking. ‡Subjects were considered to have this risk factor if the questionnaire indicated medical treatment for or a history of this risk factor.
of LPA I4399M genotype with apo(a) isoform size ( Figure 1 ) and untransformed Lp(a) plasma levels ( Figure 2) were assessed with the Wilcoxon rank sum test. A multiple linear regression model was used to estimate the relationship between the LPA I4399M carrier status and the ln of Lp(a) plasma levels while adjusting for the effect of apo(a) isoform size. The ln transformed Lp(a) levels were used in the linear regression analysis so that the distribution of the residuals more closely approximated a Gaussian distribution.
Results
LPA I4399M Is Associated With Severe CAD
The demographic and clinical characteristics of the subjects of Study 1, Study 2 and Study 3 are summarized in Table 1 .
We measured the allele frequencies of 12 077 putative functional SNPs in Study 1 cases and controls using pooled DNA samples and identified 302 SNPs that were nominally associated with severe CAD (PϽ0.05) and had odds ratios for severe CAD of greater than 1.3 and had minor allele frequency estimates that were greater than 2% (supplemental Table II ). For these 302 SNPs, we determined allele frequencies in Study 2 cases and controls using pooled DNA samples and asked if the risk allele identified in Study 1 was also associated with severe CAD in Study 2. For SNPs that were associated with severe CAD and had the same risk alleles in both pooling studies, we then confirmed their allele frequencies by genotyping individual DNA samples from Study 1 and Study 2 subjects. We found that the risk alleles of 5 SNPs in 5 genes were nominally associated (PϽ0.05) with severe CAD in both studies ( Table 2 ). The genes encoded apolipoprotein(a) (encoded by LPA), calmodulin 1 (CALM1), huntingtin-associated protein 1 (HAP1), adaptor-related protein complex 3, ␤-1 subunit (AP3B1), and ATP-binding cassette, subfamily G, member 2 (ABCG2). The genotype distributions of these 5 SNPs in the control groups of Study 1 and Study 2 did not deviate from Hardy-Weinberg equilibrium expectations (PϾ0.05).
After prespecifying the risk alleles based on Study 1 and Study 2 results, we tested the hypotheses that the risk alleles of these 5 SNPs would be associated with severe CAD in Study 3. We found that the risk allele of 1 of the 5 SNPs, I4399M (rs3798220) in the LPA gene, was associated (PϽ0.05) with severe CAD. The LPA gene encodes apolipoprotein(a) (apo(a)), which is a component of lipoprotein(a) (Lp(a)), and the I4399M SNP is located in the protease-like domain of apo(a). Carriers of the 4399M allele constituted 2.7% of controls and 5.2% of cases in Study 3. Compared with noncarriers, carriers of the 4399M risk allele had an odds ratio for severe CAD of 3.14 (CI 1.51 to 6.56, Pϭ0.005, Table 3 ) after adjusting for traditional risk factors (age, sex, smoking, hypertension, diabetes, dyslipidemia, and body mass index [BMI]). This association remained significant (Pϭ0.026) after Bonferroni 15 correction for testing 5 SNPs in Study 3. We observed no indication of an interaction between the I4399M genotype and age, sex, smoking, diabetes, dyslipidemia, or BMI in Study 3 (PϾ0.11), but we did observe an interaction between genotype and hypertension (Pϭ0.02). However, when we tested for interaction between I4399M genotype and hypertension in Study 1 and Study 2 we did not observe significant interactions (Pϭ0.94 and Pϭ0.78, respectively).
Genetic Variants in Linkage Disequilibrium With LPA I4399M
We used 2 approaches to investigate whether the association of LPA I4399M with severe CAD could be due to linkage disequilibrium (LD) between I4399M and other variants in the LPA gene. In the first approach, we asked whether other SNPs in the LPA gene were associated with severe CAD and In 161 Study 2 subjects for whom plasma Lp(a) levels were available, carriers of the LPA 4399M allele (nϭ12) had higher Lp(a) levels than did noncarriers (nϭ149). In an additional 485 subjects for whom plasma Lp(a) levels were available, carriers of the LPA 4399M allele (nϭ21) also had higher Lp(a) levels than did noncarriers (nϭ464). The median values are shown next to the boxes and indicated by the horizontal lines inside the boxes. The boxes extend from the 25th to 75th percentile and the whiskers extend from the lowest to the highest value. could explain the association of I4399M with severe CAD. The HapMap project reports 65 SNPs in the LPA gene that have allele frequencies Ͼ2% in the CEU population (Utah residents with ancestry from northern and western Europe, HapMap public release #21 16 ). We identified a set of 18 SNPs that tagged 50 of these 65 SNPs with an r 2 Ͼ0.80, 12 SNPs with an r 2 Ͻ0.8 but Ͼ0.5, and 3 SNPs with an r 2 Ͻ0.5. We then genotyped the subjects of Study 1 (the largest of the 3 studies) for these 18 SNPs and the I4399M SNP which tags only itself. Except for the I4399M SNP, none of these 18 additional tagging SNPs was associated with severe CAD after adjusting for traditional risk factors (supplemental Table  III ). In Study 1 the I4399M SNP is not in strong LD with any of the other 18 tagging SNPs (r 2 Յ0.1), and the HapMap project does not report LD for the LPA I4399M SNP because that position is not polymorphic in the 30 CEU trios (60 parents and 30 offspring) genotyped by the HapMap project.
We also investigated whether the association of the LPA I4399M SNP with severe CAD could be attributable to LD between I4399M and the repeat polymorphism in the LPA gene that encodes the kringle IV (KIV) repeat length variation. This variation determines apo(a) isoform size which has been previously shown to be associated with coronary disease. 17 Direct determination of KIV repeat length in the LPA gene requires nucleated cells which were not available for these studies. 18 However, the KIV repeat length can also be determined from the number of KIV repeats in the apo(a) isoforms present in stored plasma. 19 Because stored plasma was available for some of the Study 2 subjects, we calculated the number of subjects needed to have 80% power to detect an association between the I4399M SNP and apo(a) isoform size (supplemental Methods). We then determined apo(a) isoform size for 35 carriers and 114 noncarriers of 4399M among Study 2 subjects. We found that in this group of 149 subjects, the I4399M SNP genotype was associated with apo(a) isoform size: the median apo(a) isoform size in carriers contained 17 KIV repeats and in noncarriers, 22 KIV repeats (PϽ0.001, Figure 1 ). However, in this group of 149 subjects, the association of the LPA 4399M allele with severe CAD remained significant after adjusting for the apo(a) size (odds ratioϭ4.36, CI 1.53 to 12.4, Pϭ0.006; supplemental Table IV ). Thus, we found no evidence that the association between the LPA 4399M allele with CAD is explained by apo(a) size polymorphism.
Plausibility of the Association of LPA I4399M With Severe CAD
To investigate the biological plausibility of the association between the LPA I4399M SNP and severe CAD, we asked whether the SNP was associated with plasma levels of Lp(a), which have been associated with coronary disease. 20 Plasma Lp(a) levels were available in the UCSF Genomic Resource database for 161 subjects of Study 2 (these 161 subjects included 122 of the subjects shown in Figure 1 ; plasma Lp(a) levels were not available for Study 1 or Study 3 subjects). In these 161 subjects of Study 2, we found that Lp(a) levels were higher in carriers of the 4399M allele than in noncarriers (Pϭ0.002): median levels were 356 nmol/L and 52 nmol/L, respectively (Figure 2 ). To confirm this result, we tested the association of the I4399M SNP with Lp(a) levels in 485 additional subjects with available Lp(a) levels (characteristics of these subjects are presented in supplemental Table I ).
These 485 subjects had not been included in Study 1, Study 2, or Study 3. In these 485 additional subjects, we again found that the Lp(a) levels were higher in carriers of the 4399M allele than in noncarriers (Pϭ0.003, Figure 2 ). We also asked whether the association of I4399M with Lp(a) levels can be explained by the association of I4399M with apo(a) size. Of the 161 Study 2 subjects who had Lp(a) levels available (left panel of Figure 2 ), 122 also had apo(a) size information available from the analysis in Figure 1 . In these 122 subjects, we found that Lp(a) levels were 5.9-fold higher in carriers of the 4399M allele than in noncarriers, corresponding to a 1.78-ln unit increase in Lp(a) levels (Pϭ0.002; supplemental Table V) , and after adjusting for apo(a) size, Lp(a) levels remained 3.7-fold higher in carriers than in noncarriers, corresponding to a 1.32-ln unit increase in Lp(a) levels (Pϭ0.013; supplemental Table V ).
Discussion
We found that a genetic variant of LPA, the I4399M SNP, is associated with severe CAD. Carriers of the 4399M risk allele constituted 2.7% of the control subjects and had an adjusted odds ratio for severe CAD of 3.14 (90% CI 1.51 to 6.56; Table 3 ). This association seems unlikely to be a falsepositive finding because it remained significant after correcting for multiple testing.
The LPA gene encodes the apo(a) protein of the Lp(a) particle, and high plasma Lp(a) levels are considered an emerging lipid risk factor for cardiovascular disease. 3, 21 The variability in plasma Lp(a) levels among individuals are largely determined by genetic variations at the LPA gene locus, 22 a fraction of that variability has been attributed to variation in apo(a) size 22, 23 resulting from the KIV type-2 repeat polymorphism. 19 The apo(a) protein in apparently healthy European Caucasians has been previously reported to contain a median of 27 KIV repeats. 24 The somewhat lower number of KIV repeats we observed in noncarriers (22 repeats) may reflect the higher than normal risk status of the subjects of our studies: all underwent clinically indicated coronary angiography. A number of other polymorphisms in the kringle region and in the 5Ј noncoding region have also been reported to be associated with Lp(a) levels. 23, [25] [26] [27] [28] [29] [30] We did not find evidence that the association of LPA I4399M with severe CAD was attributable to other variants in the LPA gene. We investigated 18 additional SNPs in the LPA gene that tagged 50 of the 65 SNPs that have allele frequency Ͼ2% in the HapMap CEU population. These 18 SNPs included 2 SNPs, T3907P and L3866V (same as T3888P and L3847V in Chretien et al), which have recently been reported to be associated with Lp(a) levels. 30 We found that none of these 18 SNPs could explain the association of LPA I4399M SNP with severe CAD. We also found that the apo(a) isoform size did not explain the association of LPA I4399M SNP with severe CAD.
Although we tested 12 077 putative functional SNPs from more than 7000 genes, the one genetic variant that remained associated with severe CAD in all 3 studies was the I4399M SNP in LPA, a gene that has often been implicated in vascular disease. 21 Thus, the association of LPA I4399M with severe CAD is biologically plausible both because LPA is a candidate gene for cardiovascular disease and also because this SNP is associated with Lp(a) levels ( Figure 2 ). Whether or how the isoleucine to methionine substitution directly affects Lp(a) levels or CAD risk is not known. It is interesting to note that in apolipoprotein A-I, the oxidation of methionine residues has been shown to alter the sites and rates of the proteolytic cleavage of apolipoprotein A-I. 31 Thus we could speculate that potential oxidation of the 4399 methionine residue could alter apo(a) and Lp(a) catabolism, eg, by altering proteolytic fragmentation of either free or LDLbound apo(a), 32 hence altering Lp(a) levels. Alternatively, it has been suggested that Lp(a) plays a role in fibrinolysis 21 and that it may be a carrier for proinflammatory and oxidized phospholipids 33 ; both of these roles could conceivably be affected by a methionine substitution and its potential oxidation in the protease-like domain of apo(a). It would therefore be interesting to investigate the potential role of the I4399M SNP in Lp(a) physiology either in vitro or in transgenic animal models that overexpress the 2 I4399M alleles. Nevertheless, given that determining the KIV repeat length in the LPA gene or the apo(a) size in plasma requires more specialized techniques and samples that may not be available, the association of I4399M with apo(a) size could provide an alternative approach for obtaining information related to KIV repeat length or apo(a) size.
Results in this report contain several attributes that are considered desirable for a genetic association study, 34 including biological rationale, rigorous phenotyping and genotyping, multiple large sample sets, correction of probability values for multiple testing, and physiologically meaningful supporting evidence. It is worth noting that the I4399M SNP, which we found to be associated with severe CAD as well as with Lp(a) levels, has a relatively low frequency of about 2% in the control group. This finding suggests the need for designing sequencing projects with adequate power to detect SNPs of similar frequency. However, possible limitations include the inability of coronary angiography to identify circumferential disease; thus the stenosis score may have underestimated the extent of CAD for some of the control subjects. In addition, in Study 2 we tested only those SNPs that had had an odds ratio for severe CAD of greater than 1.3 in Study 1. Furthermore, even for SNPs with a true OR of 1.3, we had 80% power to detect association with severe CAD in Study 1 only for SNPs with minor allele frequencies of 0.2 or higher. This combination of a power limitation for low frequency SNPs in Study 1 and the odds-ratio cutoff we used to advance SNPs from Study 1 to Study 2 could have lead to false-negative results. Our analyses of Lp(a) levels and apo(a) size were restricted to those limited to a subset of subjects that had Lp(a) levels in the database and our analyses of apo(a) sizes were restricted to a subset of those subjects for whom plasma samples were in storage, and not all of these subjects had Lp(a) levels available. Apo(a) size determined from stored plasma may not fully reflect the genetic variability of the KIV repeat length polymorphism because larger apo(a) isoforms are secreted into the plasma at lower levels. 35 However, we could not directly determine the KIV repeat length in the LPA gene because nucleated cells were required but were not available. Finally, these results were derived from case-control studies of white subjects; thus the association of the LPA I4399M SNP with severe CAD and Lp(a) levels should be investigated in other ethnic groups and in prospective population-based cohorts.
In conclusion, we found that the I4399M genetic variant of LPA is associated with severe CAD, and the association remained significant after adjusting for multiple testing. The plausibility of this association is supported by the association of I4399M with Lp(a) levels. Functional studies of the LPA 4399M variant could shed light on the role of Lp(a) in the pathophysiology of vascular disease.
